. Inhibition of SAMS activity by HCPro was 3 proposed to deprive methyl transferase HEN1 of its methyl donor S-adenosyl-L-methionine 4 (SAM; Ivanov et al., 2016) . Also the knock down of SAHH was found to decrease siRNA 5 accumulation and suppress locally RNA silencing (Cañizares et al., 2013 ).
6
Our current study indicates that the HCPro-mediated local disruption of the methionine cycle has 7 potentially a crucial role to play in PVX-PVA synergism. While inhibition of HEN1 caused by 8 reduced SAMS and SAHH activities was proposed to be a major player in potyviral silencing 9 suppression strategy (Ivanov et al., 2016) , inhibition of siRNA methylation explains only part of 10 the story during PVX-PVA synergism. The other part points towards a role for the reduction in 11 the cellular antioxidant glutathione (GSH) amounts. Disruption of the methionine cycle has been 12 hypothesized to reduce GSH production by channeling cysteine flux towards the transsulfuration 13 pathway (Wilson et al., 1976 , Hesse et al., 2004 instead of GSH biosynthesis pathway 14 (Zechmann et al., 2007a) . We found that neither PVX nor HCPro alone was able to reduce GSH 15 concentration and therefore, their cooperative action is needed to create an environment of low 16 GSH, a circumstance under which enhanced PVX gene expression could be observed. al., 2003 , Dhillon et al., 2009 , Stephan et al., 2011 . Expression of fluorescent proteins from 2 viral genomes within the host cell can accurately reflect viral gene expression level. (Pasin et al., 3 2014), has recently developed a semi-high throughput method for fluorescence intensity 4 quantification of potyviruses from intact infected leaf discs. Following a similar strategy, we 5 developed a rapid dual fluorescence marker-based method for simultaneous detection of PVX 6 and PVA during mixed infection.
7
Simultaneous detection of PVX and PVA in the system required selection of a suitable pair of 8 fluorescent markers with adequate sensitivity, yet non-overlapping Excitation/Emission (Ex/Em) 9 spectra. We screened for a suitable marker to be used with PVX tagged with GFP (PVX-GFP). Table 1 ). Fluorescence signals were measured under several recommended Ex/Em UV-Vis 13 wavelengths at 4 days post infiltration (dpi). Samples infiltrated with GUS were used as negative 14 controls. Table 2 compiles the highest fold change achieved in comparison to the background 15 fluorescence of mock plants for each marker along with the corresponding Ex/Em wavelengths.
16
RFP and YFP showed the highest 263-fold difference, while CFP gave only a weak 3-fold 17 difference. As the Ex/Em spectra of RFP and GFP do not overlap, they were considered to be the In order to test the sensitivity of the selected markers in quantitation of PVA and PVX we 1 infiltrated N. benthamiana leaves with series of Agrobacterium dilutions (OD 600 = 0.5; 0.1; 0.02; 2 0.004) carrying PVA-RFP and PVX-GFP icDNA ( Fig. 1A and B) . Leaf samples were collected 3 at 3 dpi and the fluorescent proteins were measured under selected Ex/Em-wavelengths.
4
Fluorescence intensity was found to increase with the increasing amount of Agrobacterium 5 infiltrated (Fig. 1A, B ). High r 2 coefficient of determination in linear regression for both of the processed from PVA polyprotein.
9
Renilla luciferase (RLUC) based assay has proven to be an outstanding method for measuring 10 viral gene expression level, owing to its high sensitivity and linearity over several orders of 11 magnitude (Eskelin et al., 2010) . Since, the other PVX construct used herein harbors RLUC 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 HCPro as in (Hafrén et al., 2015) . Agrobacterium carrying 35S-GUS was used as a control. Wild
5
type HCPro led to a significant increase in PVX-GFP, whereas, synergism was lost with 6 HCPro SDM and HCPro 4EBM (Fig 3A) . Since, also the silencing suppression capacity of PVA
7
HCPro 4EBM is debilitated (Hafrén et al., 2015) , the results with both mutants reinforce that 8 antiviral RNA silencing suppression of HCPro is an essential requirement for synergistic 9 response.
10
Involvement of methionine cycle in PVX-PVA synergism
11
In our earlier study we have shown that one putative mechanisms by which HCPro carries out 12 silencing suppression is through local disruption of methionine cycle (Ivanov et al., 2016 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   C  O  N  F  I  D  E  N  T  I  A  L SAMS during PVX-PVA synergism. However, the interaction is not synergism specific as
1
HCPro when expressed alone (in complete absence of both PVA and PVX) also formed similar 2 complex with SAMS within the cells (Fig 3B) .
3
HCPro reduces SAMS and likely also SAHH activity in planta (Ivanov et al., 2014 In the next set of experiments, we wanted to quantitate PVX-RLUC expression in SAMS-,
17
SAHH-and HEN1-silenced background. RLUC activity was assayed from both local and 18 systemic leaves (Fig 3D; E) . Interestingly, only SAHH silencing showed consistent increase in
19
PVX accumulation both in local leaves 5 dpi and in systemic leaves 10 dpi. HEN1 and 20 simultaneous SAMS+SAHH silencing also boosted PVX expression significantly as measured Fig 5B) . Interestingly, the combined effect of SAMS+SAHH silencing ( Fig 4D) boosts PVX accumulation, we monitored PVX-RLUC expression in GSHS-silenced background.
4
Interestingly, GSHS silencing showed significant enhancement in PVX accumulation right from 5 2 dpi and ∼2 fold higher PVX titre was noted also at 5 and 7 dpi (Fig 6B-D) . These data suggest 6 that reduction of GSH in cells due to PVX and HCPro-mediated co-regulation of methionine 7 cycle is an important factor in PVX accumulation and PVX-PVA synergism. In this study we set out to investigate the molecular mechanism behind the synergistic interaction 11 between potex-and potyviruses during co-infection. As evident from this study and previous shows that reduction of GSH is a synergism specific event. antibiotics. Next day the overnight cultures were diluted 1:10 in the same media and allowed to 18 grow for at least 5 h (OD 600 ~ 1.5). Cells were harvested by centrifugation at 3500 x g for 10 min 19 at room temperature followed by gently re-suspending the pellets in to the induction buffer (10 20 mM MES (pH 6.3), 10 mM MgCl 2 and 150 µM acetosyringone). This step was repeated twice 21 more to ensure thorough washing of the cells. OD 600 of the cell suspension was measured using Agrobacterium carrying the silencing constructs (see Table 1 ) or control empty vector were Black 96-well flat-bottom plates were used for the study. Infected leaves were sampled using a 6 cork borer of 5 mm internal diameter. Similar to luciferase assay leaf discs for the study were 7 collected at the same distance from the infiltration point and placed upside down in the wells. the acquired signals against known concentrations of GS-NEM.
8

LCMS methodology for NEM-GSH quantification 9
Samples were injected into Acquity UPLC system (Waters, Manchester, UK), equipped with recorded with a Waters Synapt G2-Si mass spectrometer (Waters, Manchester, UK).
17
Measurements were performed using negative electrospray ionization (ESI) in resolution mode. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
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35S-GUS-nos pRD400
Plasmid expressing uidA gene encoding β-glucuronidase ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 was infiltrated in the lower leaves on 0 th day at OD 600 0.05 and allowed to spread systemically.
15
The silencing and overexpression constructs were infiltrated in to the top leaves on 10 th day. GFP 16 fluorescence from the silenced / overexpressed spots were visualized on 13 th day under UV light. carried out to calculate the significance of the differences between CTRL vs silenced samples.
5
Panel E) depicts fold difference in PVX-derived RLUC activities (n=5 or more) similarly to the collected at 10 dpi from the top leaf areas in to which the silencing constructs had been 10 infiltrated. 35S-FLUC (OD 600 0.01) was used to normalize RLUC values within each set.
11
Statistical significances were calculated between the silenced sets against empty pHG12 (CTRL).
12
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HCPro overexpressing plants.
A) The change in GSH concentration between 2 dpi (n=6) and 9 2 dpi (n=6) is shown in percentage. Experimental conditions were essentially the same as in Fig. 4 . system, HEN1 inhibition and destabilization of siRNAs, which is reflected as a higher PVX titre.
13
Another direct effect of SAHH downregulation is debilitated conversion of SAH to HCY, which 14 is predicted to pull Cys flux towards methionine cycle via transsulfuration pathway, depriving
15
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